[1] Results from the development and analysis of a novel temperature dataset for the high latitude North-West Atlantic are presented. The new 1°gridded dataset ("ATLAS") has been produced from about 13,000 Argo and 48,000 marine mammal (hooded seal, harp seal, grey seal and beluga) profiles spanning 2004-8. These data sources are highly complementary as marine mammals greatly enhance shelf region coverage where Argo floats are absent. ATLAS reveals distinctive boundary current related temperature minima in the Labrador Sea (−1.1°C) and at the east Greenland coast (1.8°C), largely absent in the widely-used Levitus'09 and EN3v2a datasets. The ATLAS 0-500 m average temperature is lower than Levitus'09 and EN3v2a by up to 3°C locally. Differences are strongest from 0-300 m and persist at reduced amplitude from 300-500 m. Our results clearly reveal the value of marine mammal-borne sensors for a reliable description of the North-West Atlantic at a time of rapid change. Citation: Grist,
Introduction
[2] The high latitude North-West Atlantic is an important region of water mass formation, which exerts influence not only on the large-scale ocean circulation, but ultimately on planetary-scale climate. Upper North Atlantic Deep Water (NADW), formed via intense air-sea heat exchange in the central Labrador Sea, combines with Lower NADW from the Arctic Seas to form the deep southward-flowing water masses of the Atlantic Meridional Overturning Circulation. The region is also a conduit for the relatively swift passage of very cool and fresh surface water of Nordic and Arctic origin to the sub-polar ocean via the East Greenland Current (EGC), the West Greenland Current and the Labrador Current.
[3] Understanding variability in the region's export of NADW and the strength and character of the coastal currents is made challenging by the complex array of processes at work. These include the existence of the on-shelf East Greenland Coastal Current (EGCC) [Bacon et al., 2002] , the partial retroflection of the EGC at Cape Farewell [Holliday et al., 2007] and the generation and cross-basin transport of eddies [Chanut et al., 2008] . Furthermore, the dramatic reduction in Arctic sea-ice cover observed in recent years [Stroeve et al., 2007] is likely to impact the region, making accurate determination of its properties and their ongoing changes a high priority.
[4] A key step towards understanding North-West Atlantic variability is a reliable determination of the mean temperature characteristics to serve as a baseline against which changes can be robustly determined. This is particularly important in the context of high-resolution ocean-only model studies: these are typically initiated from a temperature-salinity basic state and relaxed back to this state during the course of an integration to eliminate excessive drift. However, the global climatologies used most frequently for this purpose [e.g., Levitus et al., 1998 ] have a limited depiction of important coastal currents [Kulan and Myers, 2009] , and consequently may inadvertently promote, rather than restrict, model drift [Rattan et al., 2010] . This shortcoming is possibly due to the absence of Argo profiling floats (a key source of sub-surface data in these climatologies) from the shelf regions, as well as the fact that data acquired by research vessels in these regions are strongly seasonal in nature due to the challenges of working in ice-infested waters.
[5] A novel method to increase observation density in the North-West Atlantic shelf regions is the deployment of marine mammal-borne sensors. To date, such sensors have been utilized in several studies including: characterising the Antarctic Circumpolar Current [Boehme et al., 2008a] , estimating sea-ice formation rates [Charrassin et al., 2008] , defining seasonal temperature variations on the East Greenland Shelf [Straneo et al., 2010] and studying temperature variability in Baffin Bay [Laidre et al., 2010] . However, their potential to produce gridded datasets in key regions has yet to be fully exploited. Here, we fill this gap by producing and analysing a new 1°gridded North-West Atlantic temperature dataset using marine mammal and Argo float measurements; the dataset reveals important features not seen in earlier analyses with poorer sampling.
Data and Method
[6] The new dataset spans the region 40°N-75°N, 70°W-20°W (black box, Figure 1a ) and employs Argo and marine mammal data from [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The Argo data have all passed Argo delayed mode quality control (QC); additionally only data with temperature, pressure, location and time quality control flags of 1 ('Good Data') were included. Argo floats profile down to 2000 m once every 8-10 days. After QC there were 12,623 Argo profiles in our study region. The temperature profiles collected from marine mammalmounted autonomous Satellite Relay Data Loggers (SRDLs) [Boehme et al., 2009] (Figure 1c ). Full details of the data retrieval process and quality control are given in the auxiliary material.
1
[7] The Argo and marine mammal data distributions are shown in Figure 1 . Some overlap is seen, particularly in the central Labrador and Irminger Basins, however their complementary spatial coverage is striking. The addition of marine mammal data to Argo approximately quintuples the number of profiles for the region. We have focused on Argo and marine mammal data as this enables us to develop a dataset complementary to existing ship-based fields, and thereby identify their potential issues and limitations. For example, ship-based hydrographic data contain strong seasonal biases in shelf regions due to the timing of their collection (see Figure S3 in the auxiliary material) and our goal is to use data without this bias in order to generate a dataset more representative of a genuine annual mean. Previous work conducted using this technique (most notably in the South Atlantic [e.g., Boehme et al., 2008a] ) has also employed merged Argo and marine mammal sensor data without incorporating ship-derived hydrography, for this same reason of seasonal bias in the latter data source.
[8] For each month from January 2004 to December 2008, a gridded temperature field and objective analysis (OA) error is produced for the study region using the OA scheme and representative regional correlation scales from Boehme and Send [2005] . In producing a grid cell estimate, the scheme weights all observations according to separation from the grid point in terms of a) horizontal distance, b) barotropic potential vorticity (to allow for topographic steering of currents) and c) time from the middle of the month. As the method allows monthly grid cell estimates to be influenced by observations from beyond both the spatial bounds of the grid box and the temporal bounds of the specific month, the source data has a larger time and space domain (Figure 1 ) than the resulting analysed gridded fields. The OA error reflects the degree of separation (in time, distance and potential vorticity) of a grid point from the observations, such that the error estimate becomes smaller as the number of nearby observations increases [Boehme and Send, 2005] .
[9] The monthly values are then averaged to produce the mean state for [2004] [2005] [2006] [2007] [2008] . The grid resolution is 1°× 1°with 15 vertical layers from 0-700 m. These grid parameters have been chosen to allow direct comparison with the mean fields for 2004-08 from Levitus et al.'s [2009, hereafter L09] dataset. L09's product consists of annual anomaly fields and an associated long-term climatological mean field; to produce the 2004-08 mean used for the present work we added the 5 annual anomaly fields for this time interval to the climatological mean field. The only difference from L09's product is that, in our analysis, the top two ocean levels (0-5 m and 5-15 m) are merged due to the reduced availability of profiling observations at these depths. We also compare our estimate with the 2004-08 mean temperature derived from the EN3 (version 2a) potential temperature and salinity product from the UK Met Office Hadley Centre [Ingleby and Huddleston, 2007] . The EN3 product consists of gridded mean fields for each individual month, we produced the estimate of the 2004-08 EN3 mean used for this study, shown in Figure 2 , by Monthly number, N, of (b) Argo and (c) marine mammal (hooded seals, green; harp seals, red; grey seals, blue; beluga, pink) profiles in the study area (black box in Figure 1a) . averaging the EN3 individual monthly values during this period. EN3 also has 1°horizontal resolution, but with a different configuration. Our new combined Argo and marine mammal sensor dataset is hereafter termed ATLAS (A Novel Temperature Dataset for Northern High LAtitude Seas).
Results

Mean Fields: Comparison With L09 and EN3
[10] The 2004-2008 mean temperature, averaged over 0-500 m, from ATLAS, and associated OA error, are shown in Figures 2a and 2b . The 2004-08 mean temperature fields from L09 and EN3 are shown in Figures 2c and 2e ),while the difference (ATLAS minus L09) is shown in Figure 2d (the ATLAS minus EN3 difference field is similar and not shown). There are important differences between the three datasets in the coastal regions. ATLAS is 1.7°C (2.3°C) cooler than L09 (EN3) in the western parts of Baffin Bay, 2.2°C (2.9°C) cooler in the western Labrador Sea and 1.2°C (0.9°C) cooler along the Irminger Sea coast. Furthermore, there is a broad region from 65-70°N east of Greenland, in Denmark Strait, where ATLAS has temperatures up to 3°C lower than L09 and EN3. The differences between ATLAS and both L09 and EN3 occur in regions densely sampled by marine mammals and typically exceed the OA error, indicating that they are genuine features not previously recognised by L09 or EN3. The total number of observations from EN3 is shown in Figure 2f ; the Denmark Strait and Baffin Bay regions have very low sampling. In such regions EN3 (and L09) will tend toward their respective long-term (multidecadal) means as opposed to the 2004-08 state we seek to estimate here.
[11] We have also considered the depth-averaged temperature for each 100 m interval within the 0-500 m range (see auxiliary material), within which the differences are strongest in the top 300 m and persist at reduced amplitude from 300-500 m (see discussion below). As well as contrasting data sources, these differences will be partially associated with Figure 4 and the section shown in Figure 2c is that used in Figure 3 . The key boundary currents are shown schematically in Figure 2e .
differences in the quality control and objective analysis methods used in constructing L09 and EN3. In contrast to the strong differences on the shelf, ATLAS is in good agreement with L09 and EN3 over most of the deep ocean.
Comparison of Vertical Structure
[12] For each dataset, the 0-500 m temperature field along a section at 64.5°N (denoted on Figure 2c ) adjacent to the Davis and Denmark Straits is shown in Figure 3 (coloured field, with ATLAS minus L09 and ATLAS minus EN3 represented by contours). These fields reveal the vertical structure of the differences between ATLAS and L09 (EN3) at two main locations. First, near the east Greenland coast (∼40°W), ATLAS exhibits a temperature minimum of 1.8°C at the surface that is absent from L09 and EN3, which have values there of 5.0°C and 6.4°C respectively. In contrast to L09 and EN3, the ATLAS minimum is within the range of hydrographic observations from the region and resembles the temperature signature of the EGC and the EGCC [Rudels et al., 2002; Sutherland and Pickart, 2008] . We note that because the temperature (and salinity) ranges of the EGC and the EGCC can overlap, and because of their close proximity, estimates of velocity (not provided by ATLAS) may be necessary to distinguish them [Sutherland and Pickart, 2008] . Second, although all three datasets have a temperature minimum in the far west of the Labrador Basin (62°W) between 50 and 150 m, this minimum is much colder in ATLAS (minimum value −1.1 ± 0.5°C) than in L09 (minimum −0.3°C) and EN3 (minimum 0.4°C). The ATLAS temperature values for this feature, associated with the southward exit of cold water through Davis Strait in the Baffin Island Current, are closer to the ship-based hydrographic profiles (−1.5°C) of Cuny et al. [2005] . Thus, by utilizing marine mammal-sensor data, ATLAS is able to capture the temperature signature of boundary currents previously recognised in hydrographic surveys that are largely absent in other climatological datasets of comparable resolution. The improved ability to depict these boundary currents is consistent with the behaviour of other marine mammal species, such as southern elephant seals, which have been shown to preferentially sample frontal regions [Boehme et al., 2008b] ; hooded seals and harp seals show similar behaviour.
[13] We explore the vertical variation further in Figure 4 by comparing temperature profiles from each dataset at four coastal locations (south-east Greenland, east Baffin Bay, west Baffin Bay and south-west Labrador Sea) shown in Figure 2a . At each location, ATLAS has a cooler surface or sub-surface temperature minimum consistent with a more comprehensive depiction of the cold boundary currents. The data sets differ most at the surface for the south-east Greenland location, where ATLAS has a temperature of 2.6°C, compared to 6.4°C and 5.8°C for L09 and EN3 respectively. Furthermore, in ATLAS, this south-east Greenland surface temperature represents a local minimum in the vertical profile, while in L09 and EN3 the surface temperature are local maxima in their respective vertical profiles. At the other locations, temperature minima occur at approximately 50-100 m and have been interpreted as the remnant of winter cooling, typically on the coastward flank of the boundary current [e.g., Tang et al., 2004; Fratantoni and Pickart, 2007] . In ATLAS the more marked temperature minima, for example 0.1°C compared with 1.8°C (both L09 and EN3) at the south-west Labrador Sea site, are more in accord with nearby hydrographic observations that indicate a substantial amount of water cooler than 0°C [Fratantoni and Pickart, 2007] . The distinctive features of the ATLAS temperature profiles should be considered in the context of the OA error estimates (dashed black lines in Figure 4 ). L09 and EN3 temperature estimates tend to fall outside the ATLAS OA error range in the top 100 m, at and above the depth of minimum temperature, confirming the physical significance of these differences. Below 300 m, the different profiles (with the exception of west Baffin Bay) tend to converge to within the OA error range. We also note that in some areas (south-east Greenland and south-west Labrador Sea) the near surface OA error estimates remain quite large, indicating that a future increase in observations from marine mammals or other observations would benefit the accuracy of the temperature fields.
Conclusions
[14] In the high latitude North-West Atlantic, existing temperature (and salinity) climatologies suffer from a weak representation of boundary current systems [Kulan and Myers, 2009] . This limitation reflects sparse data coverage, particularly in shelf regions that are not sampled by Argo profiling floats. A potential solution to the sampling problem is the use of sensors deployed on marine mammals. Between 2004 and 2008, marine mammal mounted sensors increased the number of profiles in the region five-fold, providing much improved coverage in the formerly data-sparse shelf regions. We have combined this data with Argo float profiles to produce a new 1°gridded temperature dataset for the region 40°N-75°N, 70°W-20°W.
[15] Our analysis of the new dataset reveals cold temperature signals in several shelf areas from the surface to 500 m that are weaker or absent in other climatologies of comparable resolution. These features are a signature of the region's boundary currents and are consistent with high-resolution research ship surveys. Their clear representation in ATLAS demonstrates the important role that marine mammal-borne sensors can have in more accurately constraining the climatological temperature structure in regions undersampled by Argo. This is particularly relevant given recent work that shows restoring an ocean-only hindcast back to a climatology with a poorly defined boundary current can enhance rather than restrain model drift [Rattan et al., 2010] . In the future, as more marine mammal-borne sensors are deployed north of Iceland, we plan to extend our analysis to this region including a description of the EGC near the relatively data sparse Belgica Bank region to the north-east of Greenland.
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